The debris generated by the explosion of a building or ammunition is flown far away through the ricochet phenomenon. The debris contains a very large amount of energy, and a risk factor surrounding it may be applied. The safety distance from debris is set from experiments or FEM analysis. The ricochet of debris is affected not only by the initial conditions of the debris, but also by the conditions of the medium. In this paper, the effect of sand temperature on the ricochet of sphere projectiles was investigated through experiments and FEM, by measuring the shear stress and internal friction angle when the sand temperature increases. As the temperature of the sand increases, the shear stress and the internal friction angle decrease, and the penetration depth of the projectile increases. As the depth of penetration becomes longer, the kinetic energy is lost more by the friction force with the sand and, the sphere projectile speed decreases more. This is mainly caused by the energy loss of the projectile, so the kinetic energy of the ricocheted projectile is reduced. Therefore, when setting the optimized inhabited building distance (IBD), the conditions of the medium should be taken into account.
INTRODUCTION
When buildings or ammunition magazines explode, steel and concrete debris is formed at the blasting sites, where most of the debris is flown away by the explosion energy. After colliding with the ground, some debris may be embedded in the ground, and other debris may ricochet or roll on the ground. The kinetic energy of the rebounded debris is very high, and can significantly damage people, buildings, and objects far away. The inhabited building distance (IBD) is defined as the minimum safety distance between the potential explosion site (PES) and the residential area, and is set for safety from dangerous debris. The IBD is determined as the distance to the final position of the ricocheted debris and the rolling debris through actual explosion test of magazines. The IBD depends on many factors, such as the size of the explosive debris, the mass of the explosive, the velocity of the debris, etc.
When the debris penetrates into a medium, the penetration depth and behaviour are changed, depending on the type and condition of the medium.This also affects the ricochet phenomenon 1 . The debris behaviour after impact with the medium varies with the type and condition of the medium. The reflection velocity and angle of the debris are changed. This means that the IBD may be longer or shorter, depending on the medium. For accurate IBD analysis, various types and conditions of the medium should be modeled in the FEM analysis program. Therefore, for proper modeling, it is necessary to investigate what characteristics change when the type and condition of medium are changed through ricochet experiment of projectiles, and how these affect the behaviour of the projectile.
Water is the medium that was first used in the ricochet phenomenon. The ricochet phenomenon was used in naval battles in the 16 th and 17 th centuries in England, and during the World War II, it was famously used to destroy a dam. The critical angle of a projectile was measured in experiments, and some formulae were established to predict the critical angle of projectile. The critical angle of a spinning projectile was also investigated 2, 3, 4 . Since a solid medium is present in a wide variety of conditions, ricochet onto a solid medium is more complicated than that onto water, and shows different tendency from that onto water. When the projectile ricochets onto sand, the critical angle of the projectile decreases as the velocity of the projectile increases. Conversely, when the projectile ricochets onto water, the critical angle increases as the velocity of the projectile increases 5 . To explain this, a ricochet model was developed that took into account the weight of a sphere projectile, and the static resistance of the medium in which penetration occurred. This model can predict the projectile behaviour when the collision angle is high, and the velocity of the projectile undergoes a significant change 6 . Also, when the spherical projectile penetrates through clay, the projectile trajectory depends on the surface pressure 7 . When a hardened steel sphere collides with ductile mild steel, the crater volume and the energy loss of the projectile were investigated according to the collision angle and velocity, and thus when oblique impact is applied, the rebound velocity could be measured very accurately.
A similar ricochet model predicted the exact crater dimensions and the volume, assuming constant dynamic yield pressure and friction coefficient 8 . A study of the ricochet of debris from the building explosion was also conducted. Cube projectiles were used besides sphere projectiles, and the projectile material was concrete. Various media were widely used, such as concrete, sand, water, and different clay 9 . numerical study has shown that when a debris of different shape ricochets onto sand, the ricochet behaviour of debris changes with the internal friction angle of the sand
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. Also, the shape and size of the debris affects the ricochet phenomenon
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. Depending on the shape and material of the debris, the flight trajectory changes. This is because the drag and lift forces differ depending on the shape of the debris. Especially, the drag force affects the flight of the debris. In order to determine the total flying distance of the debris through the analysis, the drag and lift coefficients and the ricochet effect should be considered for the debris having a low incident angle 12 . In this paper, the ricochet phenomenon of debris was studied according to the condition of the medium, not the type of medium. If the conditions change, even the same medium may have different properties 13, 14 . Sand was selected as the medium. When the atmospheric temperature changes, the sand temperature changes. To change the conditions of the sand, the sand temperature was varied. In particular, in the desert region, the temperature fluctuation of the sand is large, because the daily temperature range is huge. A sphere was selected as the debris shape. In particular, the depth of the immersed edge is very important in the ricochet of spherical projectiles. The depth of the immersed edge of the projectile is related to the immersed area of the projectile, which is related to the energy dissipation that is associated with the ricochet 1 . however, it is very difficult to measure the depth of the immersed edge in ricochet test. Thus, the penetration depth was measured through the vertical launch test according to the sand temperature. The penetration depth of the projectile depends on the sand resistance changes. In order to measure the sand resistance in this study, shear stress was measured by a direct shear test. Through the shear stress graphs in accordance with the sand temperature obtained by the direct shear test, the change of internal friction angle for each sand temperature was determined. The internal friction angles were applied to the sand material of the FEM analysis program, and the FEM was carried out, in which the effects of the internal friction angle were studied. Finally, the ricochet experiment was done on the sphere projectile in accordance with the sand temperature. The effects of sand temperature, shear stress, and internal friction angle on the penetration depth of projectile and ricochet of spherical projectile were investigated.
RICOCHET
In this study, Lydéric Bocquet's theory was used to study the ricochet phenomenon 1 . When a projectile collides with a medium, impact force is generated in the horizontal and vertical directions, according to the incident angle and velocity. When colliding with the medium, this impact force generates a drag force in accordance with the incident angle and velocity. When the drag is larger than the sum of the weight of the projectile and the inertia force, it is bounced. This is called the ricochet phenomenon. Figure 1 shows a schematic of the impact process. The ricochet can be expressed as Eqn (1):
where C l is the lift coefficient, C f is the tangential friction coefficient, ρ w is the mass density of the medium, v is the speed of the projectile, S im is the immersed area, n  is a unit vector perpendicular to the projectile, and t  is a vector parallel to the projectile 1 . Equation (1) is the force acting when the projectile penetrates into the medium.The immersed area depends on the shape of the projectile. The immersed area of the spherical projectile is expressed as Eqn. (2):
where s = z/sinθ is the maximum immersed length, and z is the depth of the immersed edge of the projectile 1 .The penetration depth in the direction perpendicular to the surface of the medium. R is the radius of the spherical projectile. When R is constant, the maximum immersed length changes the behaviour of the projectile after the ricochet, which is related to the depth of the immersed edge of the projectile. The larger the surface area, the greater the energy loss of the projectile. In this study, the factors affecting the depth of the immersed edge of a projectile were investigated in accordance with the sand temperature, and the ways in which they affect ricochet were examined. 
THE EXPERIMENTAL SET-UP
Two simple experiments were carried out prior to the ricochet experiment of the sphere projectile according to the sand temperature. The first experiment was to measure the shear stress according to the temperature change of the sand through a direct shear test, because when the projectile penetrates or ricochets onto the sand, the shear resistance is an important factor, and the shape of the graph shows the change in the internal friction angle of the sand. The second experiment was to measure the penetration depth of the projectile according to the temperature change of the sand, when the projectile was launched perpendicular to the sand. The penetration depth is an important factor related to sand resistance. It is very difficult to measure the penetration depth of a projectile in the ricochet experiment. Therefore, the penetration depth due to the temperature effect can be visually obtained through the vertical launch test. Through the two experiments, the behaviour of the projectile can be predicted and compared according to the sand temperature. Finally, the behaviour of the projectiles after the ricochet was experimentally investigated according to the change of the sand temperature
Direct Shear Test of the Sand Medium
In this study, a direct shear test was performed to obtain the mechanical property for different sand temperatures. The shear resistance of sand is a result of friction and interlocking of particles, and possibly cementation or bonding at particle contacts. This may affect the penetration of a projectile. Figure  2 shows a direct shear-test-arrangement apparatus 15 . The sand was placed in a brass box, and the upper box could move horizontally. A normal force of 1 kg/cm 2 was applied through the loading plate. The shear stress was measured according to the failure of the sand specimen that was caused by the movement of the upper box.
pressure, and the pin hits the projectile and launches it. The incident velocity of the projectile can be controlled by varying the pressure of the air compressor. The maximum pressure of the air compressor is 7 bar, and the pressure used in the experiment is (4 bar, 5 bar, and 6 bar). When a steel sphere projectile is discharged at the three pressures, the projectile velocities are about (24 m/s, 28 m/s, and 32 m/s). The incident angles of the projectiles are (15 °, 20 °, and 25 °). The range of angles was determined through preceding research. When the incident angle is 25°, the (7 mm, 8 mm, and 10 mm) steel sphere does not ricochet from the velocity range of (24 m/s -32 m/s).
This means that when a (7 mm, 8 mm, and 10 mm) steel ball impacts the sand, the critical angle is about 25°. Other necessary items are a box for holding the medium, and a highspeed camera for recording the trajectory of the projectile. The sand box dimensions are 270 mm × 170 mm × 60 mm. A 600 fps high-speed camera was used to record the path of the projectile. The incident velocity, reflection velocity, and reflection angle were calculated from the captured images of the high-speed camera.
The selected projectile shape is a sphere, and the projectile material is carbon steel. The diameters of the spheres are (7 mm, 8 mm, and 10 mm). Table 1 shows the data of the sphere projectile. Figure 3 shows a schematic of the experimental apparatus for the ricochet test. In this study, a device for increasing the temperature of the sand was needed to investigate the effect of the sand temperature on the behaviour of the projectile. In order to heat the sand, an iron box was filled with sand, and heated. An iron box of shallow depth and large width was fabricated to heat the sand as uniformly as possible. The iron box with high heat conductivity was heated by a gas burner to raise the sand temperature. The dimensions of the iron box were 300 mm × 300 mm × 20 mm. Three thermocouples were inserted to a certain depth into the sand. Since the temperatures of all three of the thermocouples cannot be the same, the experiments were conducted when the sand temperatures at the three locations were similar. A direct shear test was conducted to obtain the shear strength at sand temperatures of 20 °C, 50 °C, and 100 °C. The reason for selecting three temperatures was that the room temperature of the laboratory is 20 °C, while 50 °C is the normal daytime temperature of desert area 16 . Finally, 100 °C indicates when the temperature of the sand is extremely hot. The internal friction angle of the sand can be obtained by obtaining the shear stress diagram of the sand according to the temperature.
The Test Set-up and the Equipment
To perform the ricochet experiment and the penetration depth experiment of a sphere projectile according to the change in sand temperature, some equipment was used in the study. In previous researches, many methods have been used to launch spherical projectiles 9, 17 . In this experiment, launching equipment was constructed by directly hitting spherical projectiles. The launching device used an air tacker that operates through an air compressor. The air tacker activates the pin by large air
The Procedure of the Vertical Launch Test
The diameters of the sphere selected for the vertical launch test were (5 mm and 7 mm). Two temperatures of the sand were selected: (20 °C and 100 °C). The pressure of the air compressor was set at 6 bar for all vertical launch tests. The vertical launch tests were carried out three times for each condition, and the following test procedure was applied: (i) The air pressure was controlled through the use of an air compressor to discharge the projectile. (ii) The launch device was adjusted so that the projectile was launched perpendicular to the sand surface. (iii) The sand was heated to the proper temperature for the test. (iv) The sand was removed after launch, and the penetration depth of the projectile was measured.
The Procedure of the Ricochet Test
In this study, the following four variables were selected: incident velocity, incident angle, sand temperature, and projectile diameter. The air pressures were (4 bar, 5 bar, and 6 bar) for the launch of the projectile, and the velocities were about (24 m/s, 28 m/s, and 32 m/s). The incident angles of the projectile were (15 °, 20 °, and 25 °). The sand temperatures were (20 °C, 50 °C, 80 °C, and 100 °C). The diameters of the sphere were (7 mm, 8 mm, and 10 mm). The ricochet tests were carried out three times for each condition, and the following test procedure was applied: (i) The air pressure was controlled through the use of an air compressor to discharge the projectile. (ii) The incident angle was adjusted by using the angle-control device of the air gun. (iii) The sand was heated to the proper temperature for the test. (iv) The heated sand was transferred to the ricochet test box, and the temperature of the sand was measured appropriately by using three thermometers. When the sand temperature was suitable for the tests, the test was conducted. (v) The projectile ricochet was recorded using the high-speed camera. The reflection angle and velocity of the projectile were calculated from the pictures that were taken by the camera.
FEM ANALYSIS
These days, building explosion research is conducted through FEM analysis, because of the cost, time and place to conduct experiments. Based on various theories, the initial conditions such as the incident velocity, incident angle and shape as well as the distance of the debris were predicted from the explosion of building by numerical analysis. In these studies, however, ricochet and rolling of debris were not considered to determine the debris ejection distance [18] [19] [20] [21] [22] . IBD research by building debris is also being studied through FEM [23] [24] [25] . For accurate FEM analysis, it is important to know the initial conditions, such as the shape, speed, and incident angle of the debris. however, it is important not only to consider the type of medium, but also to set precise physical properties according to the conditions of the medium, like temperature, void ratio, internal friction angle, and water content. The dynamics analysis program does not allow the sand temperature to be input for any material, and even if the temperature can be set, the physical property corresponding to the temperature must be input. In this study, the shear stress and internal friction angle of sand were selected as factors influencing the penetration depth of a projectile when the temperature of sand increased. The two factors are input in place of the temperature change in the FEM analysis. Of these two factors, the internal friction angle was applied to the sand properties of the FEM analysis program. In other words, the sand temperature was replaced by the internal friction angle. The FEM analysis was carried out under the same condition as the ricochet experiment, and the effect of the internal friction angle on the ricochet of projectiles was analyzed. Through the FEM analysis, the kinetic energy loss rate of the projectile and the shear stress of the sand were analyzed in accordance with the internal friction angle.
FEM Modelling

Material Property of Steel
In this study, the projectile material was AISI 4340 steel. The density was 7,850 kg/m 3 , poisson's ratio was 0.29, and the shear modulus was 74 x 10 9 pa. Figure 4 shows the uniaxial stress-strain curve for AISI 4340 steel, whereby the strain rate changes rapidly at stress levels greater than 1,700 MPa 26 . 
Material Property of Sand
The sand density for the experiments was 1,500 kg/m 3 , and the shear modulus was G = 7.69 x 10 7 pa. The coefficient of the friction of the sand and AISI 4340 steel was 0.35 27 . The sand-strength formula was set so that the tension strength was zero. The Mohr-Coulomb criterion setting was included in the cohesion effect. Figure 5 shows the MO granular-pressure hardening, wherein the three curves indicate the internal friction angle of the sand; these curves can be expressed by Eq. 
where σ 1 and σ 3 are the maximum and minimum stresses; α is the internal-friction angle, which are 40°, 35°, and 30° for the three curves from the top; P is the pressure; and P mc is the Mohr-Coulomb pressure. The property in the FEM analysis that is affected by the sand temperature is the internal friction angle in Fig. 5 . The pressure values for the internal friction angle of sand can be applied to the sand-material property in the FEM analysis. The internal friction angle was obtained by the direct shear test. The internal friction angles applied in this paper were 30° and 40°.
For the FEM analysis of the sphere projectile ricochet on sand, the dynamic-analysis program AnSYS Explicit Dynamics was used. The sand can be considered a continuum, because it is a fluid collection of small particles. here, an arbitrary Lagrangian-Eulerian FEM was suitable for FEM analysis of the collision between the solid projectile and the sand; that is, the Lagrangian model was used for the solid, and the Euler model was used for the continuum 28 .
Projectiles and Sand Modelling
All of the models of the projectile, sandbox, and sand that were used in the FEM were the same as those used in the experiments. Figure 6 shows the sphere, sandbox, and sand modeling of the FEM. A hexahedral mesh was selected for the sand, and the mesh size of 0.05 mm is similar to that of a real sand particle. The numbers of sand nodes and elements were 12,214,881 and 12,000,000, respectively.°C . When the sand temperature is 20 °C, the maximum shear stress is greater than that for the 100 °C sand temperature. The shear stress of 50 °C is less than that of 20 °C, but they are similar. This shows that as the sand temperature increases, the shear stress of the sand decreases.
In the shear stress graph, the internal friction angle of the sand can be measured. This is because the shape of the graph changes depending on the internal friction angle. In the direct shear test conducted in this study, not only the stress, but also the shape of the graph changed. As the sand temperature increases, the peak of the graph descends down to the stress level similar to the final stress. This shows the change of sand density and internal friction angle. Figure 8 shows the sand density and internal friction angle according to the shape of the shear stress graph 29 . The figure shows that when the sand temperature changes from 20 °C to 100 °C, the density of the sand changes from dense to medium, and the friction angle of the sand drops from 38° to 30°. This means that the temperature change of the sand affects the shear stress and the internal friction angle of the sand. 
EXPERIMENTAL RESULTS
Direct Shear Test Results
A direct shear test was conducted to obtain the shear stress at three different sand temperatures. Figure 7 shows the shear strength of sand at the temperatures of 20 °C, 50 °C, and 100 Table 2 shows the penetration depths of the projectile when the projectiles were perpendicularly discharged to the sand for sand temperatures of 20 °C and 100 °C. The table shows that for higher sand temperature, the penetration depth is deeper. In the case of a 5 mm sphere, the penetration depth at 100 °C increased by 137.5 % compared to 20 °C, and increased by 120 % when the projectile was a 7 mm sphere. This implies that the temperature of the sand affects the penetration of the projectile. 
Vertical Launch Test Results
Experimental Results
This experiment was carried out to investigate the behaviour of the ricocheted projectile for different sand temperature. In order to obtain the effect of the sand temperature on the ricochet of the projectile, the kinetic energy loss rate of each projectile was used. This is because the speed of the projectile changes with the sand properties, which are affected by the sand temperature. A high kinetic energy loss rate means that the velocity of the ricocheted projectile is slower. A kinetic-energy loss factor is determined as follows. The incident velocity and the reflection velocity are denoted as V 0 and V 1 , respectively. The initial kinetic energy can be expressed as E 0 = 0.5 mV 0 2 , where m is the projectile mass. Similarly, the reflection kinetic energy is E 1 = 0.5 mV 1 2 . hence, the kinetic-energy loss factor can be expressed as (1-E 1 /E 0 )×100%. Figures 9-11 show the kinetic energy loss rate when the incident angle is 15°. Figure 9 shows the kinetic-energy loss factor of the 7 mm sphere after the ricochet when the incident angle is 15°, the air pressures are (4 bar, 5 bar, and 6 bar), and the sand temperatures are 20 °C, 50 °C, 80 °C, and 100 °C. The black squares indicate the average values of the kinetic-energy loss factor. When the sand temperature increases, the kinetic-energy loss factor also increases, and this means that the projectile velocity is lower than those of the low sand temperatures. Figure 10 shows the kinetic-energy loss factors of the 8 mm sphere after the ricochet, when the incident angle is 15°, the air pressures are (4 bar, 5 bar, and 6 bar), and the sand temperatures are 20 °C, 50 °C, 80 °C, and 100 °C. The kineticenergy loss factors increase with the increase of the sand temperature, and this means that the projectile velocity is lower than those of the low sand temperatures. Figure 11 shows the kinetic-energy loss factors of the 10 mm sphere after the ricochet for air pressures of (4 bar, 5 bar, and 6 bar), and sand temperatures of 20 °C, 50 °C, 80 °C, and 100 °C. The kinetic-energy loss factor increases with the increase of the sand temperature. When the sand temperature increases, the kinetic-energy loss factors increase at an incident angle of 15°. Table 3 shows the difference in kinetic energy loss factor between 20 °C and 100 °C at ricochet test of (7 mm, 8 mm, and 10 mm) projectiles. The incident angle is 15°. The higher the discharge pressure, the lower the kinetic energy loss factor. As the diameter of the projectile decreases, the kinetic energy loss factor between the two temperatures decreases. The angle of incidence that best represents the effect of sand temperature is that at 20°. When the sand temperature was 20 °C, the projectile ricocheted in all conditions. however, when the sand temperature increased, projectiles did not ricochet. When the incident angle of the projectile was 25°, the projectile did not ricochet at all temperatures. This means that the critical angles of the spheres are about 25°.
FEM RESULTS
In this study, the shear stress according to sand temperature was measured, and the internal friction angle was determined from the shear stress graph. The assumptions made in this paper are as follows. As shown in Figs. 7 and 8, when the temperature of the sand is 20 °C, the internal friction angle is 40°. When the temperature of the sand is 100 °C, the internal friction angle is 30°. Assuming that the two conditions are the same, this was applied to the FEM analysis program. The internal friction angles were applied to the sand properties of the FEM analysis program. Therefore, the kinetic energy loss rate of the ricocheted projectile was calculated according to the change of the internal friction angle of the sand under the same conditions as the ricochet experiment. The shear stress that occurred when the projectile penetrates the sand were measured. There exists a relation between the shear stress and the internal friction angle. Table 4 shows the kinetic energy loss rate of the projectile according to the internal friction angle, incident angle, and incident pressure. The rate of kinetic energy loss does not change much with the speed of the projectile, but when the internal friction angle increases, the kinetic energy loss rate decreases sharply. As the internal friction angle increases, the speed of the projectile decreases. Table 5 shows the shear stresses generated in the sand when the projectile collides with the sand, depending upon the internal friction angle, the incident angle, and the incident pressure. under all conditions, lower shear stress occurs when the internal friction angle is small. 
DISCUSSION
In this study, the change of spherical projectile behaviour with sand temperature was studied. The changes in the physical properties due to the temperature change of the sand and its effect on the spherical projectile were examined. As the temperature of the sand increases, the penetration depth of the sphere projectile also increases. It is obvious that the sand temperature may play a key role in the ricochet. The change in depth of penetration implies a change in the resistance of the sand. To measure the resistance of the sand, the shear stress of the sand was measured through a direct shear test. As the temperature of the sand increases, the shear stress decreases. The change in the shear stress graph shape of the sand means change in the internal friction angle of the sand. As the temperature of the sand increases, the internal friction angle of the sand also decreases. These factors result in reducing the reflection velocity of the projectile, because increase in temperature causes a decrease in the shearing resistance at individual particle contacts. As a consequence, there is partial collapse of the sand structure and decrease in void ratio, until a sufficient number of additional bonds are formed to enable the sand to carry the stresses at high temperature 29 . This makes the penetration depth of the projectile deeper. At this time, since the surface area abutted against the medium becomes larger, more energy loss occurs. This is also the reason why ricochet is more likely to occur at low angles of incidence. This is because the penetration depths are not deep. As the penetration depth increases, the path of the projectile extends. Therefore, even when the projectile comes back to the surface of the medium, it experiences more energy loss. It can be seen from Table 3 that the projectile size affects the ricochet behaviour. When the projectile ricochets onto sand of higher temperature, the weight and the surface area increase, as the projectile diameter increases. The kinetic energy of the penetrating projectile also increases. As a result, the projectile penetrates deeper into the sand. This makes a wider immersed area. Therefore, as the size of the projectile increases, the difference in kinetic energy loss factor at two temperatures increases, even when it is launched by the same pressure.
The shear stress and internal friction angle of the sand were selected as factors influencing the penetration depth of the projectile when the sand temperature increased. The FEM was used to investigate the effect of the internal frictional angle on the ricochet of the projectile. The factors determining the shear strength of sand are the effective stress, cohesion, and internal friction angle. The internal friction angle and shear strength of the sand are proportional 15 . As can be seen from the FEM analysis, the shear stress that is generated in the sand when the projectile is ricocheted is deeply related to the internal friction angle. The two relationships are proportional. As the internal friction angle increases, the shear stress that occurs also affects the behaviour of the projectile. As the internal friction angle increases, the shear stress that occurs also increases. This affects the behaviour of the projectile.
The sand temperature affects the shear stress and internal friction angle of the sand, and they affect the depth of the immersed edge of the sphere projectile, and change the behaviour of the projectile. When studying the behaviour of the projectile with FEM or other simulation, it is important to consider not only the projectile conditions, but also the conditions of the medium. The temperature of the sand cannot be considered in the FEM, but the internal friction angle suitable for each temperature can be obtained through experiments, to obtain the same tendency for the ricochet behaviour as in the actual experiment. The sand temperature and the internal friction angle are proportional to each other, and as the two increase, the kinetic energy loss factor of the projectile increases. Table 4 compares the differences of the kinetic energy loss factors of the projectile at 20 °C and 100 °C, and the differences in the kinetic energy loss factor at 30° and 40° internal friction angle in the same ricochet experimental conditions with three incident pressures for 10 mm sphere projectile. The internal friction angle according to the sand temperature is applied to the FEM analysis, so that the results of the experiment and the FEM analysis can be compared. When the incident pressure is 4 bar, there is an error of 3.47 %. however, at the incident pressure of (5 bar and 6 bar), the error of the experiment and FEM analysis is very small. This means that the internal friction angle is well chosen for replacing the temperature. Also, this is why it is necessary to find the resistance of the medium through experiment, and apply it to the FEM analysis. If not applied, the FEM analysis will cause large errors in determining the IBD. however, the loss rate showed a slight difference in experiment and FEM analysis. This may result from the sand modeling in FEM. In this study, the sand is assumed to be a continuum. This is likely to have produced errors in the kinetic energy loss rate of the actual experiment and the FEM. In future work, the sand will be modeled in the FEM as a set of particles, rather than a continuum.
CONCLUSIONS
In this study, the ricochet of a sphere on sand was investigated experimentally and numerically for various sand temperatures and internal friction angle. The conclusions of this study are as follows: − As the temperature of the sand increases, the shear stress and internal friction angle decrease. This affects the depth of the immersed edge of sphere. As the shear stress and the internal friction angle decrease, the resistivity of the sand decreases, so the depth of the immersed edge becomes deeper and the penetration trajectory in the sand increases. Therefore, the kinetic energy lost increases due to the friction and the speed of the ricocheted sphere decreases and the kinetic energy loss rate increases. − In this study, it was confirmed in the analysis that the behaviour of the ricocheted sphere changes with the internal friction angle with temperature. This means that shear stress and internal friction angle, which vary with temperature, should be applied to the analysis to reduce the error of IBD in the debris ricochet study. The results of this study can be used to determine a morerealistic IBD for the explosions that occur in areas that are mainly composed of hot, sand-like desert conditions; and it can also be used as a resource to select a safer place in emergency situations, in which there is falling debris from explosions.
